Abstract. The current gain (β) of 4H-SiC BJTs as function of collector current (I C ) has been investigated by DC and pulsed measurements and by device simulations. A measured monotonic increase of β with I C agrees well with simulations using a constant distribution of interface states at the 4H-SiC/SiO 2 interface along the etched side-wall of the base-emitter junction. Simulations using only bulk recombination, on the other hand, are in poor agreement with the measurements. The interface states degrade the simulated current gain by combined effects of localized recombination and trapped charge that influence the surface potential. Additionally, bandgap narrowing has a significant impact by reducing the peak current gain by about 50 % in simulations.
Introduction
SiC bipolar junction transistors (BJTs) are interesting for power device applications, especially when high temperature operation is required. Considerable progress has been made in development of SiC (BJTs) in recent years [1, 2] . One important obstacle for application of SiC BJTs is the relatively low common emitter current gains, typically in the range 10-30, although values exceeding 50 have also been reported [2] . Surface recombination [1] [2] [3] and recombination in the space charge region [3] have been identified as factors limiting the current gain. In this work, electrical measurements of the current gain of 4H-SiC BJTs have been performed and compared with device simulations. In the simulations we have compared the cases of a pure bulk recombination and a dominating surface recombination through interface states at the etched sidewall of the base-emitter junction. From this comparison it is concluded that a model with a constant distribution of interface states at the 4H-SiC/SiO 2 interface gives good agreement with the measured current gain as function of collector current, whereas the model with pure bulk recombination fails. Additionally, bandgap narrowing with parameters according to [4] has a significant effect by reducing the simulated peak current gain by about 50 %.
Fabrication of the bipolar junction transistors
An 8° off-axis 4H-SiC n + substrate with nitrogen doped collector (N D =8.6×10 15 cm -3 ) and Al doped base (N A =6×10 18 cm -3 ) epilayers was purchased from Cree Research Inc. An n + emitter layer with a nitrogen concentration of 1×10 19 cm -3 was grown by Acreo. The device structure with doping concentrations and dimensions is shown in Fig. 1 . Dry etching in an inductively coupled plasma system was used to form emitter fingers and the surrounding base-collector junction. TiW and Al was sputtered, patterned and annealed at 600 °C to form ohmic contacts to emitter, base and collector. The base region has a high doping concentration (6×10 18 cm -3 ) that is disadvantageous in terms of emitter efficiency but enables formation of an ohmic contact without using ion implantation. A top view of the 4H-SiC BJT is included in Fig. 1 . The emitter fingers are 10 µm wide and the total length of the emitter periphery is 4.12 mm. 
Simulation models for the BJT
Device simulations were performed using the commercial software AVANT Medici TM . Physical models were used for doping, temperature and electric field dependent mobility, SRH and Auger recombination, Fermi-Dirac statistics and bandgap narrowing with parameters from [4] . Carrier mobility parameters from Schaffer [5] were used with a correction according to [6] for the minority carrier mobility in the case of incomplete ionization of dopants. TLM test structures on top of the emitter epilayer were used to measure ρ=8×10 -3 Ωcm in agreement with a fully ionized dopant concentration of 1×10 19 cm -3 according to the Schaffer model [5] . Complete ionization of n=N D =1×10
19 cm -3 (assumed above the Mott limit) was therefore used in the emitter whereas FermiDirac statistics for incomplete ionization of dopants was used in the base with the ionization energy E A =0.18 eV for Al. Two different cases were compared for the recombination:
A) Pure bulk recombination with a carrier lifetime of τ n =τ p =1.2 ns and no interface states B) Recombination and trapping in interface states at the etched side-wall along the base-emitter junction (see Fig. 1 ) and a relatively high bulk carrier lifetime of τ n =τ p = 100 ns
Model for the interface states (case B).
SiC BJTs, have a SiC/SiO 2 interface at the base-emitter sidewall where there is either a native oxide or a thermally grown passivation oxide. To obtain a simple but realistic model for the interface state density, a constant density of interface states D IT =7.5×10 11 cm -2 eV -1 was assumed over the whole bandgap at the interface between 4H-SiC and SiO 2 (see Fig. 1 ). The D IT value is of the same order of magnitude as reported values for MOS structures on the 4H-SiC 0001 interface [7] . The traps in the lower half of the bandgap are donors and acceptors are assumed in the upper half. A thermal velocity of 2×10 7 cm/s and a capture cross-section of σ=6×10 -15 cm 2 were used. It should be pointed out that there could be defects also at the base-emitter epi-interface (due to the interrupted epitaxial growth) but this has not been taken into account and it is therefore an uncertainty in the analysis.
Experimental technique
Measurements of base current I B and collector current I C at constant collector-emitter voltage V CE were performed both under DC and pulsed conditions to determine the common emitter current gain β over a wide variation of I C . The DC measurements were performed using a probe station equipped with a HP4156A parameter analyzer. The pulsed measurements were conducted using a digital oscilloscope equipped with Pearson TM current transformers. β was extracted in a quasi-steady state 300 ns after turn-on of the base current to minimize effects of heating. The base-emitter voltage was kept below the constant V CE =17 V to ensure that the transistor remained in its active region. 18 cm -3 is one important reason for the relatively low β. The monotonous increase of β with I C was seen for all measured BJTs with about 20 % variation in the peak value of β. This increase can be explained by a high recombination current in the base-emitter space charge region, since the recombination current has a exp(qV BE /2kT) dependence while the diffusion current increases with exp(qV BE /kT) (V BE being the voltage drop over the base-emitter junction). The simulation with bulk recombination (B) fails to reproduce the measured increase of β with I C . This is because the recombination current in the space charge region for τ n =τ p =1.2 ns is not sufficiently high and a reduction of τ n =τ p affects the level but has only a slight influence on the shape of the β vs. Ic curve. The interface states (curve B), on the other hand, cause a very high recombination current in the space charge region, locally at the surface, and a better agreement is obtained with the measured β vs. I C . The reason for the simulated negative β vs. I C slope at high currents is that high injection occurs in the base close to the etched side-wall and this reduces the emitter injection efficiency. The peak of curve B is at 50 % higher collector current than that of curve A since localized recombination in the interface states suppress the onset of local high-level injection. A comparison of different simulation models in Fig. 3 illustrates that bandgap narrowing (BGN) with parameters from ref. [4] has a significant influence, i.e. the maximum current gain increases by 96 % if BGN is neglected. Additionally, the BGN model affects the position of the peak current gain (see Fig. 3 ) and a discrepancy in the BGN model parameters is therefore a possible explanation why the simulations in Fig. 2 show a negative β vs. I C slope while the measured β increases with I C over the whole interval. In Fig. 3 a simulation is included with the identical product of D IT and σ as curve B (the same effective carrier lifetime) but with a low value of D IT that results in negligible trapped charge. The different β vs. I C behavior of curves B and D indicates that the effect of the interface states is not a pure recombination effect but also an effect of trapped charge that influence the electrostatic potential. Simulations indicate that the traps locally reduce the effective emitter and base doping levels thus reducing the potential barrier and increasing the current locally in the surface region. The simulated current gain degradation due to combined effects of recombination and trapped charge in interface states is in qualitative agreement with simulations performed for AlGaAs/GaAs HBTs including interface states in ref. [8] . For improvement of the current gain of 4H-SiC BJTs it is proposed to investigate if recent progress in SiC MOS technology such as NO annealing can be used for improved passivation to reduce the interface state density.
Summary
The experimentally observed common emitter current gain vs. collector current for 4H-SiC BJTs has been accurately modeled by device simulations using a constant distribution of interface states at the 4H-SiC/SiO 2 interface at the base-emitter junction. The simulated current gain reduction is a combined effect of recombination and trapped charge. Additionally, bandgap narrowing has a significant impact by reducing the peak current gain by about 50 % in simulations.
